؊ production is a necessary precursor to the HR.
The HR elicited in plant cells by incompatible pathogens has been widely studied in a variety of plant/pathogen systems (Goodman and Novacky, 1994) . A decrease in passive membrane potential and depolarization (Pelissier et al., 1986; Davies, 1987) , an increase in extracellular pH (Pavlovkin et al., 1986) , a loss of electrolytes from the plant cell due to membrane damage (Atkinson et al., 1985; Keppler and Novacky, 1987; Keppler et al., 1989) , an induction of mRNA for enzymes involved in the production of phytoalexins (Dixon and Lamb, 1990) , and an accumulation of pathogenesis-related proteins (Linthorst, 1991) have all been linked to this response. Recently, the HR has been associated with an oxidative burst resulting from the production of ROS, particularly the perhydroxyl/superoxide radical acid-base pair (HO 2 ⅐ /O 2 Ϫ ) and its stable dismutation product, H 2 O 2 (for reviews, see Sutherland, 1991; Baker and Orlandi, 1995; Low and Merida, 1996; Mehdy et al., 1996; Wojtaszek, 1997) . ROS may play a role in the induction of lignin production (Olson and Varner, 1993) and phytoalexin accumulation (Anderson et al., 1991; Degousee et al., 1994; see however, Davis et al., 1993) . ROSinduced membrane lipid damage has been implicated in loss of membrane integrity and subsequent cell death (Adam et al., 1989) .
Various methods have been used to detect and monitor O 2 Ϫ radicals during the HR. These include electron spin resonance (Von Goenner et al., 1993) , chemiluminescence (Anderson et al., 1991) , and reduction of the tetrazolium dye NBT (Doke, 1983a (Doke, , 1983b or of the redox protein Cyt c (Doke, 1983a (Doke, , 1985 . Each of these methods has potential shortcomings. Electron spin resonance requires expensive infrastructure and suffers from questions of signal specificity (Pou et al., 1989) . Chemiluminescence does not directly detect HO 2 ⅐ /O 2 Ϫ but instead estimates production of H 2 O 2 , which may result from a variety of metabolic processes other than the dismutation of HO 2 ⅐ /O 2 Ϫ (Halliwell and Gutteridge, 1989) . Whereas Cyt c reduction assays have been used routinely to quantify radical fluxes in animal cells (Babior et al., 1973) , this 12.5-kD protein may not diffuse freely across plant cell walls from external solutions to the plasmalemma surface (the putative site of radical generation). Hence, a significant proportion of the radicals produced will escape reaction with the protein, because of their short half-life. In the case of the much smaller NBT molecule, the cell wall is unlikely to represent a barrier to diffusion. However, the insolubility of its reduced formazan, although rendering this agent useful for localization studies, does not assist kinetic studies or simple estimation of the yield of HO 2 ⅐ /O 2 Ϫ intercepted by the dye.
Recently, we developed a new assay for HO 2 ⅐ /O 2 Ϫ generation using the tetrazolium dye XTT, which is reduced by HO 2 ⅐ /O 2 Ϫ to a soluble formazan that can be readily quantified in solution (Sutherland and Learmonth, 1997) . The synthesis of XTT was first reported in 1988 (Paull et al., 1988) , and it has since been used primarily as an indicator dye in cell-proliferation studies in the presence of the redox intermediate phenazine methylsulfate (Scuderio et al., 1988) . In this study, the XTT assay, performed in the absence of phenazine methylsulfate, has been applied to tobacco (Nicotiana tabacum L.) suspension cultures challenged with live zoospores from compatible and incompatible races of Ppn. This technique, coupled with a cell culture system that retains gene-for-gene specificity against Oomycete zoospores, provides a quantitative estimation of HO 2 ⅐ / O 2 Ϫ production during the HR of the host cells. Furthermore, in contrast to observations in other plant-pathogen interactions (Keppler et al., 1989; Glazener et al., 1991) , both phases of the observed oxidative burst appear to be specific to an incompatible interaction.
MATERIALS AND METHODS

Chemicals
MS salts were obtained from ICN and XTT was purchased from Diagnostic Chemicals (Charlottetown, Prince Edward Island, Canada). All other reagents were obtained from Sigma.
Fungal Cultures
Pathogenicity of stock cultures of the tobacco (Nicotiana tabacum L.) black shank pathogen Ppn (Australian field isolates 4974 and 9201) was maintained by regular infection of susceptible tobacco cultivars and reisolation onto oatmeal agar (adapted from Hegelson and Haberlach, 1980) . Subcultures were maintained on carrot agar in the dark at 26°C.
Zoospores were produced using a modification of the techniques of Gooding and Lucas (1959) and Hardham et al. (1991) . After 2 to 3 weeks on oatmeal agar, mycelial mats were stripped from the agar surface and incubated in 15 mL of sterile water in the dark at 24°C for approximately 2 weeks. When numerous sporangia had developed, the plates were drained, flooded with chilled water, and refrigerated for 30 min at 4°C. Fungal mats were then returned to 24°C and placed on a light box for 20 to 30 min, during which time zoospores were released from sporangia. Zoospores (including both swimming and encysted spores) were counted and diluted such that approximately 2 ϫ 10 4 zoospores were added to wells containing host cells and reagents to a final volume of 2 mL (see below).
Plant Cultures
Seed of tobacco was supplied by Peter Trevorrow (QDPI, Mareeba, Queensland, Australia). Tobacco callus was initiated from stem tissue of the near-isogenic cvs Hicks and North Carolina 2326 (Helgeson and Haberlach, 1980) . Cultivar NC2326 contains a segmental substitution introgressed from Nicotiana plumbaginifolia (Chaplin, 1962) determining resistance to Ppn race 0 (Collins et al., 1971) . Sterile stem pieces were transferred to MS agar medium (Murashige and Skoog, 1962) containing 2 g mL Ϫ1 Gly, 0.5 g mL Ϫ1 nicotinic acid, 0.5 g mL Ϫ1 pyridoxine, 0.1 g mL Ϫ1 thiamine hydrochloride, 3% (w/v) Suc, 2 g mL Ϫ1 naphthalene acetic acid, and 0.25 g mL Ϫ1 kinetin, and were incubated in the dark at 26°C for 2 to 4 weeks.
Suspension cultures were initiated from this callus into an identical liquid medium (pH 5.8) at 28°C, incubated at 100 rpm in a benchtop shaker incubator (model 4600C, Bioline, Edwards Instrument Co., Narellan, NSW, Australia), and subcultured every 7 to 8 d. When desired, large cell aggregates were removed by sequential passage of cultures through 500-and 200-m mesh filters, and unclumped cells were retained on a 100-m mesh filter.
Log-phase cell cultures (for zoospore challenge) were prepared by subculturing approximately 25 mL of cells into approximately 75 mL of fresh medium and growing for 4 d at 24 or 28°C as above. Cells were then washed twice in 10 mm potassium phosphate buffer (pH 7.8) and resuspended into 10 mm potassium phosphate buffer (pH 7.5) plus 1% (w/v) Suc. One milliliter of cell suspension with a wet cell mass of 0.1 g mL Ϫ1 was added to wells in 24-well tissue-culture plates (catalog no. 3820-024, Iwaki, Tokyo, Japan) and incubated at 24°C for 2 h to allow for adjustment to altered conditions (Devlin and Gustine, 1992) before addition of zoospores and reagents. The viability of tobacco cell suspensions was determined in 20-L aliquots using an assay based on the active uptake of hypertonic neutral red by viable cells (O'Connell et al., 1985) . Cell protein content was determined by the method of Bradford (1976) .
Protoplasts were prepared using log-phase cultures by the method of Razdan (1993) , and viability was monitored using an assay based on the uptake of Evans blue by nonviable cells (Baker and Mock, 1994) .
O 2 ؊ Anion Generation
XTT was added to the Ppn-tobacco system to indicate HO 2 ⅐ /O 2 Ϫ generation by the cells. Stock solutions (10 Ϫ2 m) were prepared and stored for no longer than 1 week at 4°C. Before use, the XTT stock was warmed to 45°C to ensure full dissolution. A final concentration of 5 ϫ 10 Ϫ4 m XTT was added to culture wells at 0 h. Multiple wells of each treatment type were prepared to permit replication of measurements at each sampling time. Two to four replicate wells were harvested at desired intervals, and the supernatants were collected for spectrophotometric analysis of XTT formazan production at the peak A 470 (Sutherland and Learmonth, 1997) . Alternatively, 20 m Cyt c was added to the wells at 0 h and reduced Cyt c production was monitored at 550 nm (McCord and Fridovich, 1969) . The quantity of HO 2 ⅐ /O 2 Ϫ produced was determined using the molar extinction coefficients 2.1 ϫ 10 4 m Ϫ1 s Ϫ1 for Cyt c at 550 nm (Massey, 1959) and 2.16 ϫ 10 4 m Ϫ1 s Ϫ1 for XTT at 470 nm (Sutherland and Learmonth, 1997) .
To confirm the role of HO 2 ⅐ /O 2 Ϫ in these reductions, 100 units of active SOD in 10 mm potassium phosphate buffer (pH 7.5) was added to each well. Inactive SOD was prepared by boiling an aliquot of stock solution for 10 min. Alternatively, Mn(III)desferal prepared according to the method of Rabinowitch et al. (1987) was added at concentrations (40-280 m) equivalent to 100 units of SOD (as determined by Faulkner et al., 1994) .
Statistical Analysis
Data were analyzed by appropriate Student's t tests or other analyses of variance. Significant differences between individual treatments were determined by lsd or Newman-Kuhl tests.
RESULTS
Cell Viability and Mycelium Development Postinoculation
Uninoculated cells incubated in wells containing 10 mm potassium phosphate buffer and 1% Suc at pH 7.5 showed a slow loss of viability over the course of experiments ( Fig.  1) . Omission of Suc significantly reduced cell survival. Higher levels of Suc were avoided because the resulting increase in medium viscosity affected the swimming behavior of the zoospores.
At 24°C, cv NC2326 cells inoculated with Ppn 9201 and cv Hicks cells inoculated with Ppn 4974 or Ppn 9201 (compatible interactions) gradually lost viability compared with the controls (Fig. 1) . Although cv NC2326 suspension cells inoculated with Ppn 4974 (incompatible interaction) initially showed a loss of viability similar to the compatible interactions, the rate of cell death significantly increased 10 h after inoculation, indicating that the cv NC2326 cells were undergoing an HR to infection by Ppn 4974.
In compatible interactions, encystment of zoospores occurred within 2 h, formation of an appressorial peg occurred by 4 h, followed by penetration of cells leading to prolific growth of hyphae by 12 h. In contrast, whereas appressorial pegs were also formed during the incompatible interaction, postpenetration growth of hyphae was severely restricted. At 28°C, cv NC2326 cells inoculated with Ppn 4974 did not exhibit a resistant response. Both the subsequent viability of these cells and the extent of fungal mycelium growth were similar to those observed in susceptible cells.
XTT Reduction by Inoculated Tobacco Cells
When XTT was added at 0 h postinoculation and XTT formazan was allowed to accumulate for more than 18 h at 24°C, there was a very low background reduction by uninoculated control cells. Inoculated susceptible cells did not reduce the dye significantly more than control cells during this period (Fig. 2) . In contrast, cv NC2326 cells inoculated with Ppn 4974 (incompatible interaction) significantly reduced the dye in two steps. The first burst of reducing activity occurred in the 2 h immediately following inoculation. A more substantial second burst of reduction took place 8 to 10 h after inoculation. The timing of the second burst varied between repeats of the same experiment by up to 1 h. Observation of infection sites indicated that this variation in timing correlated with similar variations in the timing of zoospore encystment on the tobacco cell walls. At 28°C, there was no significant reduction of XTT above the rate for controls during any interaction. When the accumulation of formazan was followed using 2 mm XTT at pH 5.8 and at 24°C in 10 mm Mes buffer or MS medium plus 1% Suc, trends similar to those described above were observed.
Effects of O 2
؊ Scavengers
The addition of active SOD significantly inhibited the production of XTT formazan by cv NC2326 cells inoculated with Ppn 4974 (Fig. 3) . Inactivated enzyme had no effect. Active SOD had no effect on the low levels of dye reduction seen in susceptible interactions or control cells. In the incompatible interaction, Mn(III)desferal was a significantly more effective inhibitor of dye reduction from 10 h postinoculation than SOD, and the rate of formazan formation in the presence of Mn(III)desferal was not significantly different from the levels seen in uninoculated control cells (Fig. 3) . Mn(III)desferal had no effect on the dye reduction in susceptible interactions or uninoculated cells. Neither MnO 2 nor free desferal (desferrioxamine) inhibited XTT reduction in the resistant interaction, although MnO 2 slightly increased the background rate of formazan production in controls.
The two O 2 Ϫ scavengers had no effect on the viability of control cells or compatibly challenged cells. However, their addition at the time of inoculation increased the viability of cv NC2326 cells challenged with Ppn 4974 such that cell viabilities after 18 h approached those of the cells infected by a compatible pathogen race (Fig. 4) . In the presence of the radical scavengers, development of fungal hyphae in the incompatible interaction was similar to that observed in compatible interactions. When the scavengers were added at 8 h postinoculation, immediately prior to the HR, levels of inhibition of both the HR and XTT reduction were similar to those that occurred when scavengers were added at 0 h (results not shown).
The effectiveness of Mn(III)desferal as an inhibitor of XTT formazan formation in the incompatible interaction was further investigated by comparing the percentage inhibition of formazan formation by Mn(III)desferal with inhibition by SOD, over a range of comparable concentrations (Faulkner et al., 1994; Fig. 5 ). Whereas addition of SOD gave a maximum inhibition of 55% above a level of 50 units per well, Mn(III)desferal gave a maximum inhibition of 80% at 30 unit equivalents per well.
Reduction of Cyt c during the HR
When Cyt c was used in place of XTT to detect O 2 Ϫ production, the incompatible interaction (cv NC2326/Ppn 4974) showed a significant reduction of Cyt c between 0 and 2 h and then again between 8 and 12 h (Fig. 6) . In contrast, control cells and susceptible interactions reduced the protein at very low rates. Neither SOD nor Mn(III)desferal had any effect on the reduction of Cyt c during compatible interactions or in control cells. However, both scavengers significantly inhibited the reduction of Cyt c during the incompatible interaction, with Mn(III)desferal being significantly more effective than SOD at inhibiting the second burst.
Effects of Cell Aggregation
When cells were filtered before inoculation so that all major aggregates (usually approximately 15-50 cells) were removed, the response of inoculated resistant cells was diminished in terms of both the reduction of XTT and the loss of cell viability. Their response more closely resembled that of inoculated susceptible cells (Fig. 7) . Filtered cells showed higher viabilities than unfiltered cells in all treatments except controls, in which they were similar. The observed extent of mycelial growth was less in inoculated, susceptible, filtered cells than in equivalent unfiltered cultures.
Effect of Cell Wall Removal
When protoplasts were challenged with Ppn zoospores, little or no infection occurred in any treatment. In the incompatible interaction, little or no reduction of XTT and no HR was observed. When the cell wall had not been entirely removed, zoospore attachment (via an appressorium) was occasionally observed. When the cell wall was allowed to regenerate prior to challenge, the numbers of appressoria formed increased, as did subsequent reduction of XTT and evidence of an HR during the incompatible interaction.
Measurement of O 2 ؊ Production
The concentration of HO 2 ⅐ /O 2 Ϫ generated in reaction wells during an incompatible interaction over 18 h was determined for each combination of scavenger and dye (Table I ). The radical yield generated, based on the inhibition of XTT reduction by Mn(III)desferal, was equivalent to 48.9 m HO 2 ⅐ /O 2 Ϫ in the well. This yield was significantly higher than that based on SOD inhibition. Irrespective of which inhibitor was used, calculated yields were higher when XTT was used as a radical detector in place of Cyt c. From the cell viability counts, the number of cells per 2 mL of well volume can be estimated at approximately 35,000 cells; therefore, during the course of the experiment 2.79 ϫ 10 Ϫ12 mol HO 2 ⅐ /O 2 Ϫ cell Ϫ1 were generated, assuming complete stability of the XTT formazan. From the protein estimates, 2.57 ϫ 10 Ϫ6 mol HO 2 ⅐ /O 2 Ϫ mg Ϫ1 protein were generated over 18 h.
DISCUSSION
To our knowledge, this is the first report of the use of Oomycete zoospores to elicit hypersensitive cell death in plant cells maintained in a liquid medium. Several cytological studies have previously examined the interaction of germinated hyphae with immobilized protoplasts or whole cells (Odermatt et al., 1988; Gross et al., 1993) . In resistant tobacco cells challenged with zoospores from an incompatible race, an accelerated loss of viability 10 to 12 h postinoculation is observed, when compared with viability curves obtained from compatible infections. We equate this accelerated viability loss with the HR, recognized widely in resistant host-pathogen interactions (Goodman and Novacky, 1994) . We have conducted a careful study of the relationship between ROS generation and the onset of the HR in a cell culture system that closely models the gene- for-gene specificity observed in planta (Guest et al., 1989; Nemestothy and Guest, 1990) . In particular, both ROS production and the HR are observed in culture at 24°C but not at 28°C in the cv NC2326-Ppn 4974 interaction, a result that parallels the temperature sensitivity of responses in planta against race 0 of the black shank pathogen (Robin and Guest, 1994) . The few previous studies of resistance responses to Oomycete zoospores have been in whole-plant tissues (Doke 1983a (Doke , 1985 Doke and Chai, 1985; Jahnen and Hahlbrock, 1988) , in which it is difficult to study physiological responses in fine detail because of uncertainties concerning effective penetration and diffusion of exogenous reporter molecules and inhibitors.
The majority of studies of ROS production and the HR (Sutherland, 1991; Goodman and Novacky, 1994; Mehdy et al., 1996) have used nonspecific fungal pathogen extracts (elicitors) that elicit HR on both resistant and susceptible cultivars of host species. When race-and cultivar-specific elicitors have been used, the responses generated in resistant cultivars frequently differ from those observed in response to nonspecific elicitors (Friend, 1993; Vera-Estrella et al., 1992 , 1993 .
The first direct evidence for the involvement of HO 2 ⅐ / O 2 Ϫ in hypersensitive cell death came from studies of potato tissue slices infected with Phytophthora infestans, in which the presence of the radical was detected by either NBT or Cyt c (Doke, 1983a) . Other tissue-culture-based studies have also implicated ROS generation as an early resistance response (Keppler and Baker, 1989; Keppler et al., 1989; Vera-Estrella et al., 1993) , but these studies have largely monitored ROS production by chemiluminescence detection of H 2 O 2 and used either nonspecific elicitors or live bacteria to challenge the host cells. In contrast, the involvement of ROS in the resistance responses of suspension-cultured host cells to specific elicitors from fungi has been well documented in the tomatoCladosporium fulvum interaction (Vera-Estrella et al., 1992 , 1994 . The use of the tetrazolium dye XTT as an assay for HO 2 ⅐ /O 2 Ϫ production (Sutherland and Learmonth, 1997) indicates that two bursts of ROS generation take place during the response of resistant host cells following pathogen challenge, and that the second and larger burst immediately precedes the onset of hypersensitive cell death. Neither burst is observed in compatible interactions, in which the HR is absent.
These findings differ from published observations of bacterial host-pathogen interactions in which the first burst is common to both compatible and incompatible interactions. In tobacco cell suspensions inoculated with Pseudomonas syringae, all bacterial treatments resulted in an initial, rapid oxidative burst between 0 and 1 h. A second burst specific to cells treated with incompatible bacteria occurred between 3 and 6 h, just prior to the HR (Keppler et al., 1989) . A nonspecific first burst was also observed by Glazener et al. (1991) in a soybean-P. syringae system. It has been suggested that this first burst may be a transducing signal in both compatible and incompatible interactions (Mehdy et al., 1996; Wojtaszek, 1997) . Alternatively, it is possible that this nonspecific early response is due to the use of suspension cultures that have not been allowed time to adjust to altered conditions before addition of elicitors (Devlin and Gustine, 1992; Qian et al., 1993) .
Although host cells were routinely maintained in culture medium at pH 5.8, we transferred these cells to potassium phosphate buffer containing 1% Suc at pH 7.5 before challenge with zoospores to avoid potential interactions between media components and the radical detection system and to assist with ease of measurement of HO 2 ⅐ /O 2 Ϫ , which spontaneously dismutates to H 2 O 2 at a rate that is pH dependent. As pH increases, there are lower relative Table I . Yield of HO 2 ⅐ /O 2 Ϫ generated over 18 h during an incompatible interaction based on inhibition of reaction of the radical with XTT and Cyt c Concentration was determined using the molar coefficients as in "Materials and Methods" using data (means Ϯ SE) presented in Figures 2, 3, concentrations of HO 2 ⅐ and hence the rate of second-order dismutation decreases (Bielski et al., 1985) . The resulting increase in half-life of the radical means that lower concentrations of reactive molecules such as XTT are required to quantitatively scavenge the radicals produced.
In the tobacco-Ppn interaction, both SOD and Mn(II-I)desferal significantly inhibit reduction of XTT and the frequency of hypersensitive cell death. Both scavengers reduce cell loss significantly whether added at 0 h or just before the onset of the HR, indicating that the production of O 2 Ϫ plays a significant role in promoting hypersensitivity. Recent experiments using P. syringae with mutations in the hrp/hrm region (Glazener et al., 1996) suggest that ROS generation is not a sufficient condition for the onset of the HR. Nevertheless, our results indicate that in tobacco ROS generation is a necessary condition for the HR to occur and that the inhibition of both events leads to mycelial proliferation in resistant cultures.
Mn(III)desferal appears to be a more effective inhibitor of XTT reduction by zoospore-challenged resistant cell cultures than SOD ( Fig. 5 ; Table I ). HO 2 ⅐ /O 2 Ϫ is generally assumed to be produced at the plasma membrane (Doke, 1983a (Doke, , 1983b . Since SOD is too large to cross the cell wall, it can only compete with XTT for those radicals that have diffused beyond the outer cell wall matrix. The greater effectiveness of Mn(III)desferal is probably the result of its smaller size, which enables it to diffuse to the plasmalemma surface and compete with XTT for reaction with all HO 2 ⅐ /O 2 Ϫ radicals produced. Free desferrioxamine had no effect on XTT reduction during the incompatible interaction. This indicates that inhibition by Mn(III)desferal is not due to an inhibition of transition-metal-catalyzed OH Ϫ production resulting from the chelation of transition metals by traces of uncomplexed desferrioxamine.
The magnitude of both HO 2 ⅐ /O 2 Ϫ production and the HR depends on inoculum density, degree of host cell aggregation, and the presence of a cell wall. When cells are filtered so that all major aggregates are removed, the response of resistant cells in terms of O 2 Ϫ production and the HR is lessened, suggesting that a degree of cell aggregation is required for resistance to be fully expressed. This is consistent with observations by Kitazawa and Tomiyama (1973) that, in resistant potato tuber tissue infected with P. infestans, the intensity of the HR is higher in challenged cells associated with multiple layers of surrounding tissue. The requirement of the cell wall for induction of the HR has also been reported recently in the interaction between harpin isolated from P. syringae pv syringae and tobacco suspension cells (Hoyos et al., 1996) . Whereas tobacco suspension cells reacted to both P. syringae pv syringae and harpin by alkalinization of the extracellular medium, tobacco protoplasts alkalinized the medium at much reduced levels in response to P. syringae pv syringae and did not alkalinize the medium in response to harpin. Neither the current study nor that of Hoyos et al. (1996) observed evidence for an HR in challenged protoplasts, suggesting that close contact between the pathogen and the host cell wall may be required for the induction of the HR in suspension-cultured cells. Evidence that potato tuber protoplasts produce HO 2 ⅐ /O 2 Ϫ when elicited with hyphal wall components of P. infestans (Doke, 1983b) indicates that the cell wall may not be required for recognition of some nonspecific elicitors. We have developed both a tissue culture system that is suitable for the study of gene-specific tobacco-Ppn interactions and a reliable and quantitative O 2 Ϫ assay using the novel tetrazolium dye XTT. XTT has a relatively low background reducibility, and the inhibition of XTT reduction by SOD or the scavenger Mn(III)desferal indicates the release of O 2 Ϫ during the incompatible interaction. By comparison, the Cyt c assay was a less sensitive indicator of HO 2 ⅐ /O 2 Ϫ generation. One likely reason is that Cyt c may be unable to diffuse to the plasmalemma surface. We also observed apparent binding of ferrocytochrome c to the outer surface of host cell walls, thus lowering the concentration of the indicator in harvested supernatants. The use of XTT and Mn(III)desferal offers a means of quantifying O 2 Ϫ production in this system. Doke et al. (1983a Doke et al. ( , 1983b Doke et al. ( , 1985 
